Fluorescence resonance energy transfer (FRET) is widely used to study conformational changes of macromolecules and protein-protein, protein-nucleic acid, and protein-small molecule interactions. FRET biosensors can serve as valuable secondary assays in drug discovery and for target validation in mammalian cells. Fluorescence lifetime imaging microscopy (FLIM) allows precise quantification of the FRET efficiency in intact cells, as FLIM is independent of fluorophore concentration, detection efficiency, and fluorescence intensity. We have developed an automated FLIM system using a commercial frequency domain FLIM attachment (Lambert Instruments) for wide-field imaging. Our automated FLIM system is capable of imaging and analyzing up to 50 different positions of a slide in less than 4 min, or the inner 60 wells of a 96-well plate in less than 20 min. Automation is achieved using a motorized stage and controller (Prior Scientific) coupled with a Zeiss Axio Observer body and full integration into the Lambert Instruments FLIM acquisition software. As an application example, we analyze the interaction of the oncoprotein Ras and its effector Raf after drug treatment. In conclusion, our automated FLIM imaging system requires only commercial components and may therefore allow for a broader use of this technique in chemogenomics projects.
Introduction
Assays for drug discovery and target validation in mammalian cells are ideally implemented in a high-throughput or highly automated setup. A widely applied technique used to quantify conformational changes of macromolecules and protein-protein, protein-nucleic acid, and protein-small molecule interactions is Förster or fluorescence resonance energy transfer (FRET). [1] [2] [3] [4] FRET can be determined by different methods, such as by the signal intensity of the donor and/or acceptor, known as the spectral ratiometric approach; by fluorescence lifetime; and by emission anisotropy measurements. 2, 3 The latter method has been used for highcontent FRET imaging analysis, but it suffers from problems with spectral cross talk and requires several control samples for calibration. 5 Similar issues exist with the most commonly used FRET quantification methods in microscopy, which are based on spectral ratiometric imaging. Together with the development of appropriate FRET biosensors, we have in the past implemented high-throughput amenable ratiometric FRET measurements on fluorescence flow cytometers (or fluorescence-activated cell sorters [FACSs] ). [6] [7] [8] However, this approach also required several control samples for calibration and extensive spectral cross talk correction.
Fluorescence lifetime imaging microscopy (FLIM) provides a more direct quantification of FRET, as it is independent of fluorophore concentration, detection efficiency, and fluorescence intensity. 2 In terms of automation, FLIM-FRET has also been used in several examples for high-content analysis. [9] [10] [11] [12] [13] The first FLIM measurements in multiwell format were not imaging based and used time-correlated single-photon counting (TCSPC). 9 Esposito and colleagues then developed an automated frequency domain FLIM quantification system that was able to produce images and lifetime quantification. 10 More recently, the group of Paul French introduced another time domain FLIM system using time-gated imaging for fast widefield acquisition together, with a spinning disc microscope that provided optical sectioning. [11] [12] [13] While these approaches to automated FLIM imaging provide fast and high-quality data, they are all based on highly customized systems that were built in-house by each research group.
In this work we present an automated FLIM system using a commercial frequency domain FLIM attachment (Lambert Instruments, Groningen, Netherlands) for wide-field imaging, mounted on a conventional inverted microscope (Zeiss AXIO Observer.D1, Jena, Germany), which features an automated stage and focus drive (Prior Scientific, Cambridge, UK) for sample positioning. The combination of these commercially available components provides an affordable automated FLIM imaging system that is fast, precise, and accessible to many laboratories. Our automated FLIM system allows for the acquisition of grids of images from a single microscope slide or of 96-well plates, where several positions within each well are imaged to improve data statistics. We validate our automated FLIM setup by quantifying the interaction between the oncoprotein Ras and a fragment of its prominent effector Raf upon drug treatment in cells.
Material and Methods

DNA Constructs
Mammalian expression plasmids encoding N-terminally mGFP-tagged H-ras or K-ras, pmGFP-H-rasG12V and pmGFP-K-rasG12V, respectively, as well as the mRFPtagged Ras binding domain (RBD) of C-Raf (pmRFP-RBD) that was used for cellular experiments, have been described previously. 14, 15 Cell Culture HEK293 EBNA cells were cultured in Dulbecco's modified Eagle's medium (DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS) (Sigma), 100 U/ml penicillin G, and 100 U/ml streptomycin (Sigma). Transfections with pmGFP-H-rasG12V and pmRFP-RBD (experiments in conventional 96-well plates; Greiner Bio-One CELLSTAR, Monroe, NC, cat. 655180) or pmGFP-K-rasG12V and pmRFP-RBD (experiments on microscope slides) were performed at a DNA ratio of 1:3 with jetPRIME (Polyplus transfection) according to the manufacturer's instructions in a six-well plate. In the case of 96-well plates, cells were transferred 7 h after transfection with a density of 5 × 10 4 cells per well. Compactin (either 1, 2, 5, 7.5, 10, 15, or 20 μM) was added to cells 24 h after transfection, and cells were then incubated for an additional 24 h. After incubation, the cell culture medium was removed and cells were washed with phosphate-buffered saline (PBS), followed by fixation in 4% paraformaldehyde/PBS for 20 min and a final wash in PBS where they remained at 4°C until measured. The 96-well plate was divided into 6 wells each for untransfected cell, pmGFP-H-rasG12V, pmGFP-H-rasG12V, and pmRFP-RBD, and 42 wells for pmGFP-H-rasG12V and pmRFP-RBD + compactin (i.e., 6 wells for each of the seven concentrations of compactin). For experiments in a microscope slide format, coverslips were previously treated with poly-l-lysine 0.01% (P4707; Sigma-Aldrich) for 20 min and placed into the six-well plates, where seeding, transfection, and treatment take place in the same manner as described for the 96-well plates. Coverslips with cells were then fixed in 4% paraformaldehyde/PBS for 20 min, washed with PBS, and mounted with Mowiol 4-88 (81381; Sigma-Aldrich) on microscope slides.
Fluorescence Lifetime Imaging Microscopy (FLIM)
FLIM-FRET experiments were done using a lifetime fluorescence imaging attachment (Lambert Instruments) on an inverted microscope (Zeiss AXIO Observer.D1). Samples were excited with sinusoidally modulated (40 MHz) epi-illumination (3 W) at 470 nm, using a temperature-stabilized multi-LED system (Lambert Instruments). Cells were imaged with a 40× 0.75 numerical aperture (NA) air objective using an appropriate green fluorescent protein (GFP) filter set (excitation, bandpass filter (BP) 470/40; beam splitter of the color type (FT) 495; emission, BP 525/50). The phase and modulation fluorescence lifetimes were determined per pixel from images acquired at 12 phase settings using the manufacturer's software. Fluorescein at 0.01 mM, pH 9, was used as a lifetime reference standard (lifetime 4.0 ns). The phase lifetime of any sample was determined from the whole field of view (FOV) acquired in each image. Details on automation experiments are given in the results section.
The apparent FRET efficiency (E app ) was calculated using the measured lifetimes of each donor-acceptor pair (t DA ) and the average lifetime of the donor-only (t D ) samples. The formula employed for this was taken from 16
Statistical Analysis
Statistical differences between the different samples were established using analysis of variance. 
Dose-Response Analysis
The half-maximal inhibitory concentrations (IC 50 ) of HEK293 EBNA cells treated with compactin were calculated in IGOR Pro 5 (WaveMetrics, Lake Oswego, OR) using a sigmoidal fit to the apparent FRET efficiency (E app ) as a function of the concentration of compactin (x). The sigmoidal fit had four fitting parameters and is given by the equation
where base and max are the lower and upper limits of the apparent FRET efficiency and rate is a parameter describing the steepness of the curve.
Results
Hardware Integration for Automated FLIM Imaging
Automation of FLIM image acquisition was achieved by integrating three commercial components: (1) for sample movement and positioning, an automated inverted stage and focus drive (Prior Scientific); (2) for fluorophore excitation and lifetime detection, a frequency domain FLIM attachment (Lambert Instruments); and (3) for the optical setup, a conventional inverted microscope (Zeiss AXIO Observer.D1) for wide-field imaging. A complete sketch of the setup and the individual parts of each of these three components, including the different connections between those parts, is presented in the stage and focus drive. LI-FLIM accesses the Proscan III controller using the software development kit that this controller has integrated and is then able to move both the stage and focus drive, taking the sample to a different position before the next image is acquired. LI-FLIM comes with automated features such as time-lapse measurements. For automated FLIM imaging, this is combined with moving of the stage to a new position. Before each new time point is measured, a change of position is inserted, so that each new time point corresponds to a different position of the sample. Once full integration of the components is achieved, all that is needed for FLIM automation is a protocol defining the list of positions, which depend on the type of sample that is going to be used.
Predefined Positioning Protocols for 96-Well and Microscope Slide Imaging
Two different types of positioning protocols have been created for FLIM automation, one to be used with conventional microscope slides ( Fig. 2A ) and the other for use with 96-well plates (Fig. 2B) . Positioning protocols are basically a predefined list of coordinates X, Y, and Z, given in .txt format, that the LI Prior Plugin can load and use. In both cases, the user simply defines the starting point, and from there, the automated FLIM imaging will take control and make the acquisition without any human intervention. For microscope slides, we have realized two positioning formats, a 5 × 5 format and a 7 × 7 format ( Fig. 2A) , which are both in a grid layout in order to cover a larger area from the microscopic sample. After the image at the starting point is taken, the stage is shifted 400 μm to the left so that the field of view is that just to the right of the previous one. Here, a new image is acquired, and this is repeated for five or seven steps, depending on the format that was chosen. Then the stage is taken back to the starting X position and shifted 300 μm north in the Y direction, thus allowing imaging of the next row south of the first one. From this point, analogous movements are repeated until the entire 5 × 5 or 7 × 7 grid is imaged. (Details for order of images and positioning direction can be seen in Fig. 2A . Note that the sequence of events is analogous for both positioning protocols.)
For 96-well plates, three different protocols were developed, 2 × 6, 4 × 6, and 10 × 6 well formats (Fig. 2B) . Each of these formats addresses six wells in the same column before moving to the next column to repeat the process, scanning 2, 4, or 10 columns, as the format name indicates. Moreover, within each individual well, images are acquired on four different positions in a gridlike pattern going from left to right and top to bottom and with the same spacing between images as described for the microscope slides (Fig.  2B, right) . After all four images are taken in one well, the stage moves to the next well to repeat this step.
Since our automation setup does not have an autofocus system, the default configuration in each of these protocols is for the focus control to keep the Z position constant at the position defined at the starting point by the user. For situations where either the microscope slides or the 96-well plates are not perfectly flat and straight, and the correct focus position (Z position) is not the same at every X and Y coordinate, we have created a simple focus compensation system. The focus compensation system calculates the Z position for every X and Y coordinate combination if the Z position of three of the four corner positions of the relevant sample area (typically coverslip corners of the slide or corner wells) is given. So assuming that the user has set the starting position to be the 0 focus position, then simply by checking the Z focus position at two other corners (actually, left bottom and right bottom corners), the compensation system will be able to calculate the focus position at all other intermediary X and Y positions. This focus compensation assumes that differences in the focus position are due to a tilt on the sample and calculates the focus at each coordinate X and Y by fitting a plane with a steady slope to the three corner positions that are given by the user. If changes in focus positions were due to irregularities on the surface of slides or 96-well plates, focus compensation would not be able to correct for this. Incorporation of an autofocus system could then provide a solution. All positioning protocols, focus compensation files, and a comprehensive user manual can be found for download as a zip-compressed folder appended to this manuscript as a supplementary file.
Display and Storage of Images and Lifetime Measurements
As automated spatial imaging is implemented via the timelapse measurement option of the LI-FLIM software, images and lifetime measurements can be immediately displayed after each image is acquired. While the fluorescence lifetime is calculated per pixel and complete lifetime maps are automatically stored after a complete sequence of images is taken, we calculate the average of the complete field of view and a single result is given per FLIM image or location. Lifetime values can be directly exported as a table containing the frame/image number, the elapsed time from start until the moment when each image was acquired, the average lifetime of the whole field of view, the standard deviation, and the number of pixels used to calculate the lifetime. If specific results per pixel or per region of interest (ROI) are desired, these can be extracted by selecting them on the images and exporting the results table. User-defined intensity thresholds allow the exclusion of any of those pixels from the averaging that have either a too low or too high fluorescence signal from within the Li-FLIM software. Note that this FLIM automation setup does not keep a direct link between the lifetime data and the well position where it was acquired; the only label it has is the frame/image number. To overcome this limitation for data acquired in 96-well plates, we have created an external Excel file named "Plate Map.xlsx" (available in the zip-compressed folder appended to this manuscript as a supplementary file). Having documented the positioning protocol and the starting position, the user can create a plate map that will display each lifetime result color-coded at its position in the 96-well plate. The full sequence of images can also be saved in video format, which later can be read and quantified with any image processing data.
Performance Comparison of Automated and Manual FLIM Imaging
In order to test the performance of this FLIM automation system, the interaction between key players of the Ras/MAPK pathway, the oncoprotein Ras and its effector Raf, was studied. An effector typically requires binding to membrane-anchored Ras for its activation. Therefore, our FRET pair consisting of the mGFP-tagged Ras together with the mRFP-tagged Ras binding domain of C-Raf (RBD) not only provides an excellent test sample for FRET efficiency measurements, but also represents a very interesting target for further applications in chemogenomics. A comparison of fluorescence lifetimes determined in a manual versus an automated fashion from HEK293 EBNA cells transiently expressing mGFP-K-rasG12V alone (donor only) or mGFP-K-rasG12V and mRFP-RBD (FRET sample) is presented in Figure 3 . The exact same microscope slide samples were imaged and quantified with both methods. For manual FLIM, more than 250 cells were imaged, with the user individually adjusting the position and focus in every field of view and taking approximately 4 h to measure and extract the lifetime values from each individual cell. Automated FLIM measurements in a 7 × 7 format provide one lifetime value per field of view (49 fields of view with ~8 cells in each), and there is no need for user intervention besides the initial setting of focus and starting coordinates. Imaging and lifetime calculation takes less than 4 min, in this case representing a time saving by a factor of 60. Our results show that the average and median lifetimes from manual and automated FLIM measurements are slightly offset from each other, but are very comparable (Fig. 3) . Importantly, also improvements on the standard error of the mean are observed in automation measurements due to the higher number of cells that were acquired and to the fact that every lifetime recorded is given for a whole field of view (5-10 cells) and not for individual cells, reducing the effect from cell-to-cell variation.
A comparison between the FLIM automation system presented here and those systems created in the past by others can be found in Table 1 .
Automated FLIM Imaging of a Dose-Response Curve in a 96-Well Plate
As the main goal of an automated FLIM system is to perform fast measurements on large numbers of samples with high precision, this system was further tested by establishing a dose-response curve of the effect that the drug compactin, a statin, has on the recruitment of the effector Raf to Ras. It is well known that upon treatment with the drug compactin, Ras changes its localization from membrane bound to a cytoplasmic localization, and therefore the recruitment of its effector Raf will be disrupted. 17 Ninety-six-well plates containing HEK293 EBNA cells transiently expressing mGFP-H-rasG12V alone (donor only) or mGFP-H-rasG12V and mRFP-RBD (FRET samples) were treated with different concentrations of compactin for 24 h before FLIM images Jones et al. 9 Esposito et al. 10 Paul French Group [11] [12] [13] This FLIM Automation Fig. 4A) . Treatment with increasing concentrations of compactin caused a gradual and small increase of the fluorescence lifetime that corresponds to the loss of FRET caused by the relocalization of Ras to the cytoplasm (Fig. 4A,C) . Lifetime values were converted into apparent FRET efficiency values, and this data set was used to calculate a dose-response curve for the loss of binding between Ras and its effector Raf upon treatment with compactin in cells (Fig. 4B) . The IC 50 value obtained for compactin (also known as mevastatin) was 4.66 ± 0.66 μM and is in good agreement with published values from similar studies. 18, 19 These results show that although the changes in lifetime might be small from one concentration to another (Fig. 4C) , they can be precisely quantified in a short amount of time. The large number of possible samples and relatively high speed provide a basis for FLIM-FRET-based medium-to high-throughput projects, such as encountered in secondary and orthogonal validation assays after large screening campaigns.
Conclusions
We presented a microscopy setup for automated FLIM-FRET imaging that is entirely based on commercial components, thus making it accessible to many laboratories. Using predefined positioning protocols, the system can acquire images from microscopic slides or 96-well plates and precisely calculate the fluorescence lifetimes from samples in a matter of minutes without any user supervision. The much larger number of samples that can be processed compared to manual data acquisition makes this system suitable for high-content or medium-to high-throughput imaging with broad applicability in chemogenomics projects.
